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ABSTRACT Fusion between influenza virus and target membranes is mediated by the viral glycoprotein hemagglutinin (HA).
Replacement of the transmembrane domain of HA with a glycosylphosphatidylinositol (GPI) membrane anchor allows lipid
mixing but not the establishment of cytoplasmic continuity. This observation led to the proposal that the fusion mechanism
passes through an intermediate stage corresponding to hemifusion between outer monolayers. We have used confocal
fluorescence microscopy to study the movement of probes for specific bilayer leaflets of erythrocytes fusing with HA-
expressing cells. N-Rh-PE and NBD-PC were used for specific labeling of the outer and inner membrane leaflet, respectively.
In the case of GPI-HA-induced fusion, different behaviors of lipid transfer were observed, which include 1) exclusive
movement of N-Rh-PE (hemifusion), 2) preferential movement of N-Rh-PE relative to NBD-PC, and 3) equal movement of both
lipid analogs. The relative population of these intermediate states was dependent on the time after application of a low pH
trigger for fusion. At early time points, hemifusion was more common and full redistribution of both bilayers was rare, whereas
later full redistribution of both probes was frequently observed. In contrast to wild-type HA, the latter was not accompanied
by mixing of the cytoplasmic marker Lucifer Yellow. We conclude that 1) the GPI-HA-mediated hemifusion intermediate is
meta-stable and 2) expansion of an aqueous fusion pore requires the transmembrane and/or cytoplasmic domain of HA.
INTRODUCTION
Studies of membrane fusion mediated by spike proteins of
enveloped viruses have provided a wealth of information.
The influenza glycoprotein hemagglutinin (HA) is the best
characterized of these proteins in terms of its structure and
the properties of the fusion event it induces (for reviews see
Hughson, 1995; Clague et al., 1993). Cell lines expressing
HA have been widely used as model systems to characterize
the nature of HA-induced fusion intermediates, using both
electrical and optical techniques (Sarkar et al., 1989; Tse et
al., 1993; Kemble et al., 1994). These techniques have
allowed resolution of the fusion pathway into a number of
defined intermediate stages, which include the establish-
ment of a small aqueous pore, followed by the onset of lipid
flow and pore dilation (Blumenthal et al., 1996; Tse et al.,
1993). Mutant forms of HA have also been expressed and
shown to be defective at specific intermediate stages, such,
for example, that a point mutation at the amino terminus of
the HA2 subunit affects only pore dilation (Schoch and
Blumenthal, 1993).
Recently, it has been observed that a glycosylphosphati-
dylinositol (GPI)-anchored form of HA allows the flow of
lipidic probes without establishing cytoplasmic continuity
(Kemble et al., 1994; Melikyan et al., 1995; Niissler et al.,
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1995). This latter result has been interpreted to reflect a
hemifused structure that is probably very short-lived for
fusion events induced by the wild-type protein (Kemble et
al., 1994; Melikyan et al., 1995). The defining feature of
hemifusion is the merger of the outer leaflet but not of the
inner leaflet of two fusing membrane bilayers.
This hemifusion model predicts that GPI-HA will induce
the redistribution of lipid probe from the outer leaflet of the
target cell to the HA-expressing cell but that lipid on the
inner leaflet of the target cell will remain exclusively asso-
ciated with that cell, as is observed for a marker of the
aqueous compartment. This has led us and others to directly
test this model by developing protocols to monitor redistri-
bution of fluorescent lipid probes that are specific for either
the outer or inner bilayer leaflet of the target cell. We have
developed a microscopic assay based on lipid mixing that
allows simultaneous monitoring of inner-inner and outer-
outer membrane leaflet fusion of WT-HA- and GPI-HA-
expressing Chinese hamster ovary (CHO) cells (HA of
subtype H2, X31), respectively, with human erythrocyte
ghosts as a target. For that purpose, ghosts were double
labeled by incorporation of the fluorescent lipids N-
(lissamine rhodamine B sulfonyl)-dioleyl-phosphati-
dylethanolamine (N-Rh-PE) and 1-acyl-2-[6-[(7-nitro-
2,1,3-benzoxadiazol-4-yl)amino]caproyl]-sn-glycero-3-phos-
phatidylcholine (C6-NBD-PC) into the exoplasmic and
cytoplasmic leaflets, respectively. The observed fusion be-
havior has been characterized in terms of NBD/Rh fluores-
cence intensity ratios for fused cell-ghost complexes. In
contrast to WT-HA, the GPI-HA-mediated fusion exhibits a
wide range of fusion behaviors from cases where both
membrane leaflets merge through cases with restricted
movement of inner-leaflet staining fluorescent lipids to
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cases where only the fluorescent lipids localized at the outer
leaflets mix. With time, the frequency of fusion events that
display merging of the inner leaflets increases, suggesting
the hemifusion intermediate as a meta-stable state. Interest-
ingly, even after mixing of both outer and inner leaflets, we
did not observe a corresponding movement of the water-
soluble fluorescent dye Lucifer Yellow between erythro-
cytes and GPI-HA-expressing cells. This suggests an essen-
tial role of the transmembrane and/or cytoplasmic domain
of HA at very late steps of the genesis of the aqueous fusion
pore.
Materials and Methods
Reagents and solutions
If not otherwise indicated, chemicals were obtained from Sigma, Deisen-
hofen, Germany. The potassium salt of the dye Lucifer Yellow and octa-
decyl rhodamine B chloride (R18) were purchased from Molecular Probes,
Eugene, OR, and N-(3-triethylammonium-propyl)-4-(6-(4-(diethylamino)-
phenyl)-hexatrienyl)-pyridinium-dibromide (FM 4-64) was from Molec-
ular Probes Europe, Leiden, Holland. 1-Palmitoyl-2-(6-(7-nitrobenz-2-
oxa-1, 3-diazol-4-yl)amino)-caproyl-sn-glycero-3-phosphocholine (C6-NBD-
PC), l-palmitoyl-2-(6-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl)amino)-caproyl-
sn-glycero-3-phosphoserine (C6-NBD-PS), and the triethylammonium salt
of N-(lissamine rhodamine B sulfonyl)-1,2-dioleyl-sn-glycero-3-phospho-
ethanolamine (N-Rh-PE) were from Avanti Polar Lipids, Alabaster, AL.
Tris was from Fluka Chemie, Buchs, Switzerland. Bovine serum albumin
(BSA), fraction V bovine essentially fatty acid free, was used. Phosphate-
buffered saline (PBS) contained 150 mM NaCl and 5.8 mM Na2HPO4/
NaH2PO4 (pH 7.4). Dulbecco's PBS (PBS+) from Biochrom, Berlin,
Germany, contained 137 mM NaCl, 2.7 mM KCI, 7.3 mM Na2HPO4, 1.5
mM KH2PO4, 0.5 mM MgCl2 6H2O and 0.9 mM CaCl2 (pH 7.4). The
hypotonic buffer contained 20 mM Hepes, 10 mM NaCl, 2 mM CaCl2, and
2 mM MgCl2 (pH 7.4). For ghost labeling, 100 ,ul of a 1 mg/ml C6-
NBD-PC or N-Rh-PE stock in chloroform was dried under nitrogen,
dissolved in 15 ,ul of ethanol, and added to 1 ml of PBS. For labeling of
CHO cells, 12 ,u1 of C6-NBD-PC and C6-NBD-PS chloroform solutions
(0.5 mg/ml), respectively, were dried under nitrogen and suspended in 1 ml
of PBS+. To trigger fusion, ghost-cell complexes were incubated in
sodium acetate buffer (NaAc buffer) containing 20 mM sodium acetate,
130 mM NaCl, 1 mM CaCl2, and 1 mM MgCl2 (pH 5.0).
Handling of HA-expressing CHO cells
CHO cell lines expressing stably either WT-HA (H2, X31 influenza HA)
or the GPI-linked ectodomain of X31 HA (GPI-HA) were obtained from
J. M. White, VA, and treated as described (Kemble et al., 1993; Kemble et
al., 1994). Cells were grown in glutamine-deficient minimal essential
media (G-MEM; Gibco-BRL, Life Technologies, Eggenstein, Germany)
containing 10% v/v dialyzed fetal bovine serum (Gibco-BRL) and 400 mM
methionine sulfoximine in a water-saturated atmosphere of 5% CO2 in air.
Before experiments, GPI-HA cells were grown in the presence of 0.25 mM
deoxymannojirimycin (dMM) overnight as the latter restores the ability of
GPI-HA to bind erythrocytes (Kemble et al., 1993). Cells grown to -90%
confluence were washed twice with PBS+ and for fusion experiments
subsequently treated with 0.2 mg/ml neuraminidase (type V from Clos-
tridium perfjringens) in the presence of S jig/ml TPCK (N-Toysl-L-phenyl-
alanine-chloromethyl ketone)-trypsin for 8 min at room temperature (lim-
ited trypsin treatment). In the majority of experiments, an additional trypsin
treatment with trypsin (50 ,ug/ml)/EDTA (20 ,ug/ml) solution in PBS at
37°C for 2 min was performed (intensive trypsin treatment). Trypsinization
is necessary to cleave the HAO precursor (expressed at the membrane
surface) into its fusion active subunits HAl and HA2. After quenching
trypsin by serum containing medium, cells were washed three times with
PBS+.
Labeling of HA-expressing CHO cells
For control experiments, the outer and inner leaflets of HA-expressing
CHO cells were labeled with C6-NBD-PC and C6-NBD-PS, respectively.
After trypsinization, the cell suspension was centrifuged at 350 X g for 4
min at 40C. The pellet (-2 X 106 cells) was resuspended in 100 ptl of
PBS+ and incubated with 300 p.l of the label suspension for 20 min on ice.
After one wash with PBS+, cells were incubated for another 15 min at
room temperature. It is known for fibroblasts that the PS analog is rapidly
transported from the exoplasmic to the cytoplasmic layer by an aminophos-
pholipid translocase activity whereas the PC analog is not (Hanada and
Pagano, 1995; Pomorski et al., 1996). In the case of C6-NBD-PS, remain-
ing label on the outer leaflet was subsequently removed by washing with
PBS containing 2% w/v BSA. This procedure removes more than 90% of
the label localized in the exoplasmic layer (data not shown). BSA was
washed out with PBS +. Cells labeled on their outer leaflet with C6-
NBD-PC were washed with ice-cold PBS+ (in the absence of BSA).
Preparation of erythrocyte ghosts
Citrate-stabilized blood was obtained from the blood bank in Berlin-
Lichtenberg (Berlin, Germany) or provided by the authors. After removal
of the buffy coat, erythrocytes were washed twice with PBS at 2000 x g
(10 min at 4°C). Resealed ghosts were prepared after hypotonic lysis at 4'C
as described by Schwoch and Passow (1973). For preparation of N-Rh-
PE/C6-NBD-PC-labeled ghosts, a 2-ml ice-cold pellet of washed red blood
cells (RBCs) was diluted in 60 ml of ice-cold lysis buffer containing 1.2
mM acetic acid, 4 mM MgSO4, 1 mM CaCl2, and 50 mM sodium
orthovanadate. Under these conditions, the aminophospholipid translocase
is blocked and lipid asymmetry cannot be maintained (Connor et al., 1990;
Schrier et al., 1992; Verhoven et al., 1992). After 5 min, 1.2 mM adenosine
5'-triphosphate was added and isotonicity was established by addition of
10-fold concentrated PBS. The pH 7.4 was adjusted by 0.1 N NaOH.
Labeling of the inner leaflet of ghosts
In Fig. 1, a scheme of the procedure for double labeling of ghost mem-
branes is shown. Before resealing, the prepared C6-NBD-PC solution (1.67
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FIGURE 1 Diagram illustrating the double labeling of erythrocyte
ghosts with C6-NBD-PC and N-Rh-PE. After hypotonic lysis of human red
blood cells (RBC), inner leaflet label C6-NBD-PC is added and incorpo-
rates spontaneously into ghosts in inner and outer leaflet, respectively.
After resealing of ghost membrane, BSA was added to remove C6-
NBD-PC localized at the outer membrane leaflet. Finally, inner leaflet
labeled resealed ghosts were incubated with N-Rh-PE, which inserts only
in the outer leaflet of ghost membranes (for details see Materials and
Methods).
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,ug/ml final concentration; see Reagents and solutions) was added to the
ghost suspension under rapid stirring. Ghosts were resealed by incubation
at 37°C for 45 min and collected by centrifugation at 13,000 rpm (8 min at
4°C). Then, ghosts were washed twice with PBS. Subsequently, C6-
NBD-PC located in the outer leaflet was removed by two washing steps
with PBS containing 2% w/v BSA. Finally, the ghost suspension was
washed once with PBS.
For preparing ghosts double labeled with FM4-64 and C6-NBD-PC, we
performed hypotonic lysis (see above) and FM 4-64 (1 mg/ml) was
incorporated as described for Lucifer Yellow. Subsequently, C6-NBD-PC
was incorporated as described above.
Labeling of the outer leaflet of ghosts
N-Rh-PE was incorporated in the outer leaflet of ghosts by addition of the
prepared label solution (see Reagents and solutions) to the pellet followed
by a 2-min incubation at 37°C (Fig. 1). Afterward, ghosts were spun down
and washed once with ice-cold PBS. These double-labeled ghosts were
stored on ice until use for no longer than 6 h.
Preparation of Lucifer Yellow-filled ghosts
co-labeled with N-Rh-PE or C6-NBD-PC
Ghost preparation and labeling with N-Rh-PE were carried out as described
above with the following modifications. After lysis, the pellet was resus-
pended in 5 ml of the lysis buffer containing 1 mg/ml Lucifer Yellow and
incubated for 5 min at 40C. For C6-NBD-PC labeling, the prepared stock
of the dye (see above; 90 j,g total) was added at this time. Ghosts were
resealed at 37°C after adjusting to isotonic conditions and pH 7.4. Subse-
quently, ghosts were washed three times with PBS to remove unincorpo-
rated Lucifer Yellow.
Dithionite assay
To assess the transbilayer orientation of C6-NBD-analogs in the plasma
membrane of ghosts and of HA-expressing CHO cells, we used the
dithionite assay as described by McIntyre and Sleight (1991) with modi-
fications of Pomorski et al. (1994). Chemical reaction of the NBD group
with dithionite causes an irreversible loss of its fluorescence properties
(McIntyre and Sleight, 1991) We have shown that at low temperature
dithionite rapidly reduces only C6-NBD-PC localized on the exoplasmic
but not on the inner leaflet of mammalian plasma membranes (Pomorski et
al., 1994, 1996). Briefly, a 20-,ul pellet of labeled ghosts, CHO cells, or
cell-ghost complexes was diluted in 2 ml of PBS (4°C at pH 7.4) in a
fluorescence cuvette. The final concentrations were -5 X 107 ghosts/ml
and -7 X 106 CHO cells/ml in the two latter cases. The time trace ofNBD
fluorescence (Aex = 470 nm; Aem = 540 nm) was recorded at 4°C using an
Aminco Bowman Series-2 spectrofluorimeter (SLM Aminco Instruments,
Urbana, IL). After 30 s, dithionite from a freshly prepared stock (1 M
dithionite in PBS containing 100 mM TRIS) was added to a final concen-
tration of 50 mM. For 100% label reduction, Triton X-100 was added to a
final concentration of 0.5% at the end of each time trace.
Back-exchange assay
The amount of C6-NBD phospholipid analogs on the outer leaflet of the
plasma membrane was assessed by the back-exchange of those analogs to
BSA at pH 7.4. For control measurements, a 20-ml pellet of labeled ghosts
(-108 ghosts) was gently vortexed with BSA (3.3% final concentration)
and incubated on ice for 1 min. In the case of CHO cell-ghost complexes,
the back-exchange was done in the same way but with 50 ml of CHO
cell-ghost suspension (-3 X 106 cells). Fusion between HA-expressing
CHO cells and ghosts labeled on the inner leaflet was performed as
described for double-labeled ghosts (see below). Cell-ghost complexes or
ghosts were spun down by a short centrifugation (40 s at 7000 x g).
Supernatants and pellets were separated and NBD fluorescence was mea-
sured. The sum of the fluorescence of the pellet and that of the supernatant
for each sample was taken as 100%.
Estimation of degree of trypsinization of HA on
CHO cells
Samples from WT-HA-expressing cells were treated with the two different
trypsin concentrations described above. Western blotting was done using
rabbit polyclonal antibodies (gift from J. Skehel). Visualization of HAO
was achieved using enhanced chemiluminescence.
Microscopic studies
HA-expressing CHO cells on a chambered coverglass (Nunc, Naperville,
IL) were incubated with 2 ml of a 0.2% suspension of double-labeled
ghosts in the dark for 15 to 20 min on ice. Unbound ghosts were removed
by five to seven washes with PBS+. Fusion was induced by a 2-min
incubation of the cell-ghost complexes with NaAc buffer, pH 5.0, at 37°C.
The acidic buffer was replaced by PBS (37°C), and cell-ghost complexes
were observed for up to 40 min at room temperature by a confocal laser
scanning microscope (Noran Instruments, Middleton, WI) with a 40X oil
immersion objective (Nikon, Tokyo, Japan). During this period, images
were digitally stored by using the software Intervision 1.1 (Noran Instru-
ments) and arranged by time (minutes). The time delay between the storage
of the rhodamine and the NBD fluorescence, respectively, for one single
image was in the range of a few seconds.
Analysis of Rh/NBD fluorescence micrographs
After background subtraction, fluorescence images were analyzed by eye
to count the number of fused cell-ghost complexes. The fusion events in the
case of GPI-HA were divided into three classes of membrane fusion
behavior: 1) full membrane fusion (FMF), 2) restricted fusion (RF), and 3)
hemifusion (HF).
Fusion events were quantitatively analyzed by selecting regions of
interest, which means the area of a CHO cell or a ghost, respectively, using
the public domain program NIH Image 1.57 (developed at the U.S. Na-
tional Institutes of Health and available from the Internet by anonymous
FTP from zippy.nimh.nih.gov or on floppy disk from the National Tech-
nical Information Service, Springfield, VA, part PB95-500195GEI) run-
ning on a Power Macintosh 6100/66. From the regions of interest, the mean
intensity of the Rh and of the NBD fluorescence, respectively, was calcu-
lated for all selected pixels. To compare ghosts and cells (wild type and
mutant), the ratio of the mean NBD fluorescence intensity to the mean Rh
fluorescence intensity (NBD/Rh ratio) was calculated for single ghosts as
well as cells.
RESULTS
We have divided this section in two parts. In the first part,
fusion mediated by WT-HA and GPI-HA is compared. In
the second part, the relevant control experiments that have
been used to validate the assay for inner leaflet mixing are
presented.
WT-HA- and GPI-HA-mediated fusion
Monitoring of membrane fusion and formation of an
aqueous fusion pore
The fusion activity of the WT-HA- and GPI-HA-expressing
CHO cells was probed at 37°C by the well established R18
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fluorescence dequenching (FDQ) assay between R18-la-
beled RBCs and HA-expressing CHO cells (Hoekstra et al.,
1984; Morris et al., 1989). In agreement with previous
results (Kemble et al., 1994; Melikyan et al., 1995), efficient
lipid mixing as reflected by FDQ occurred after addition of
HA-expressing CHO-RBC complexes to acidic NaAc
buffer (pH 5.0) at 37°C (data not shown). Reneutralization
after 180 s of incubation at low pH did not inhibit subse-
quent FDQ and, thus, lipid mixing (see also Morris et al.,
1989). The kinetics and the extent of FDQ were similar for
WT-HA- and GPI-HA-mediated fusion for the fusion opti-
mal conditions probed.
Membrane merger as well as the formation of an aqueous
fusion pore between fusing cells and ghosts were examined
in parallel by fluorescence microscopy. Ghosts were double
labeled with N-Rh-PE incorporated into the outer leaflet and
the water-soluble dye Lucifer Yellow (Mr 500). Fusion of
the exoplasmic leaflet between ghosts and CHO cells visible
by the redistribution of N-Rh-PE from ghosts to HA-ex-
pressing cells was observed for both WT-HA and GPI-HA.
Labeling of the cytoplasm of HA-expressing cells by Luci-
fer Yellow after triggering fusion is indicative of the for-
mation of an aqueous fusion pore. This was observed in the
case of WT-HA but not for GPI-HA (Fig. 2), which is in
agreement with previous observations (Kemble et al., 1994;
Melikyan et al., 1995). After a short (-30 s) exchange of
isoosmotic (-300 mosmollL) PBS for hypotonic buffer (see
Materials and Methods), we observed in some cases the
spread of Lucifer Yellow to CHO cells for GPI-HA-medi-
ated fusion (Fig. 2 C and F) as also observed by Melikyan
et al. (1995). For GPI-HA-mediated fusion examined using
C6-NBD-PC/Lucifer Yellow-labeled ghosts we found -2%
of C6-NBD-PC-stained cells also stained with Lucifer Yel-
low. These results show that labeling of the inner and outer
leaflets by C6-NBD-PC and N-Rh-PE, respectively, does
not significantly affect aqueous content mixing, either in the
case of WT-HA or in the case of GPI-HA.
Monitoring of inner-inner and outer-outer
membrane leaflet fusion (NBD/Rh leaflet assay)
Upon triggering fusion by acidification (pH 5.0), we fol-
lowed the redistribution of lipid analogs that had been
selectively incorporated into the outer (N-Rh-PE) and inner
leaflet (C6-NBD-PC) of ghost membranes. For WT-HA-
mediated fusion, we found that the fluorescence intensity of
N-Rh-PE as well as of C6-NBD-PC associated with fused
CHO cells was similar to the donor ghost membranes. This
indicates a complete lipid redistribution for both the outer
and inner bilayer leaflets. We refer to this type of membrane
fusion behavior as full membrane fusion (Fig. 3, A, E, I, and
M). Please note that full membrane fusion here is synony-
mous for both inner and outer leaflet fusion but does not
essentially include cytoplasmic continuity. There were less
than 2% of fused cell-ghost complexes per experiment
showing a less intense NBD fluorescence of WT-HA-ex-
FIGURE 2 Fluorescence micrographs visualizing lipid (N-Rh-PE; upper
panel, A, B, and C) and content (Lucifer Yellow; lower panel, D, E, and F)
mixing between WT-HA-expressing (left panel, A and D) and GPI-HA-
expressing (middle and right panels, B, C, E, and F) and cells and ghosts
double labeled with Lucifer Yellow and N-Rh-PE (outer membrane leaf-
let). Cells expressing WT-HA or GPI-HA were treated with neuraminidase/
trypsin (200 mg/5 mg per ml) for 8 min at room temperature and in
addition with trypsin (50 mg/ml)/EDTA (20 mg/ml) solution in PBS at
37°C for 2 min. After quenching with medium, double-labeled ghosts
(0.2% suspension) were bound (15 min at 4°C). Subsequent to a 2-min
incubation in NaAc buffer (pH 5.0 at 37°C), the cell-ghost complexes were
returned to neutral pH buffer (PBS+) at room temperature and then
observed and photographed within 45 min. In the right panel (C and F), one
GPI-HA-expressing cell-ghost complex is shown after PBS+ was ex-
changed by hypotonic buffer (-72 mosmol/L) for -30 s. Bar, 10 p.m.
pressing CHO cells in comparison with ghost(s), which we
categorize as restricted fusion behavior. A typical feature of
WT-HA-mediated fusion was the intense staining of cyto-
plasmic compartments of the fused CHO cells by C6-
NBD-PC (compare Fig. 3). This is strong evidence that the
PC analog is oriented toward the cytosolic leaflet (Pomorski
et al., 1996) even after fusion (see also below). Indeed, as
verified by fluorescence microscopy, the NBD fluorescence
of fused cell-ghost complexes was not affected by addition
of BSA (-3% final concentration, not shown). In control
experiments we have shown that this procedure causes a
complete loss of the NBD fluorescence of both ghosts and
CHO cells, provided that C6-NBD-PC was localized in the
exoplasmic leaflet. Neither for WT-HA nor for GPI-HA-
A B C
WT-HA GPI-HA GPI-HA*
N-Rh-PE N-Rh-PE N-Rh-PE
D E F
WT-HA GPI-HA GPI-HA*
Lucifer Yellow Lucifer Yellow Lucifer Yellow
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FIGURE 3 Inner and outer membrane leaflet mixing between ghosts and
HA-expressing cells as detected by using N-Rh-PE/C6-NBD-PC-labeled
ghosts. Preincubation of WT-HA-expressing (left panel, A, E, I, and M) and
GPI-HA-expressing cells and subsequent binding of double-labeled ghosts
and pH 5 fusion trigger were performed as described in the legend of Fig.
2. In the case of GPI-HA, we distinguished three classes of fusion behavior
by analyzing the effectiveness of label redistribution between appropriate
fusion partners: 1) N-Rh-PE (outer leaflet) redistribution only (hemifusion,
HF; D, H, L, and P), 2) N-Rh-PE redistribution and partial redistribution of
inner leaflet label C6-NBD-PC (restricted fusion, RF; C, G, K, and 0), and
3) both labels (outer and inner leaflet lipids) equilibrated between ghost
and cell membranes (full membrane fusion, FMF; B, F, J, and N). In the
case of WT-HA, only the latter is observed (FMF; A, E, I, and M). Rh (A-D
and I-L) and NBD (E-H and M-P) fluorescence are shown. Bar, 10 ,um
(images in lower two panels are zoomed twice). For additional details, see
text and Materials and Methods.
mediated membrane fusion could we detect any Rh fluores-
cence of the cytoplasm of fused complexes, consistent with
the exclusive localization of N-Rh-PE on the outer leaflets.
For GPI-HA cells, we found a broad distribution of
membrane fusion behaviors as deduced from the distribu-
tion of C6-NBD-PC fluorescence between fused CHO cells
and ghosts. Besides full membrane fusion (see above), we
found a significant percentage of fusion that we classified as
restricted (Fig. 3 C, G, K, and 0; see also above) as well as
the expected hemifusion. The latter is characterized by a
redistribution of N-Rh-PE but no movement of C6-NBD-PC
to GPI-HA-expressing cells after triggering fusion (Fig. 3
D, H, L, and P). In Fig. 4, the relative contribution of each
fusion class to all fusion events counted is shown for WT-
HA- and for GPI-HA-mediated membrane fusion observed
over a time period of 44 min after.triggering fusion by low
pH and subsequent reneutralization. For a detailed analysis
of the time dependence, see below. We have also compared
the influence of limited and intensive pretreament of HA-
expressing cells with trypsin (see Materials and Methods)
on the relative frequency of the different fusion events (Fig.
4, A and B). In both cases of pretreatment we found that, for
WT-HA, full membrane fusion dominated, whereas for
GPI-HA, restricted fusion and hemifusion were also com-
mon. There was no significant influence of the different
trypsin pretreatments on the WT-HA-mediated fusion, but
in the case of GPI-HA, the frequency of the three different
fusion classes (full membrane, restricted, and hemifusion)
was significantly changed (Fig. 4). After limited trypsin
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FIGURE 4 Comparison of limited (A) and intensive (B) trypsin pretreat-
ment of WT-HA and GPI-HA, respectively, and its influence on the
frequency of fusion events with respect to the observed classes of fusion
behavior: hemifusion (HF), restricted fusion (RF), and full membrane
fusion (FMF) (see text for details).
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pretreatment, the restricted fusion was prevalent (-60%)
compared with full and hemifusion (-20% each). In con-
trast, after intensive trypsin treatment, full membrane fusion
was clearly favored (-60%), whereas restricted fusion was
significantly reduced. Hemifusion was not affected by in-
tensive trypsin pretreatment. We note that the total number
of fusion events is increased after intensive trypsin treat-
ment. This suggests that the concentration of cleaved HAO
by trypsin affects the number of fusion events (WT-HA and
GPI-HA) as well as the extent of full membrane fusion
(GPI-HA). Using immunoblotting of HA, we estimated
approximately 60% HAO cleavage after limited trypsin
treatment of WT-HA-expressing cells when compared with
the same cells after intensive trypsin treatment (data not
shown).
For a quantitative verification of the observed fusion
behavior, in particular, the appearance of two distinct fusion
classes (hemifusion and full membrane fusion) and an in-
termediate state (restricted fusion) in the case of GPI-an-
chored HA, the ratio of the mean NBD fluorescence density
to the mean Rh fluorescence density (NBD/Rh ratio) was
calculated for fused CHO cells as well as for fused ghosts.
For comparison, we determined also the NBD/Rh ratio of
unfused ghosts. For the following data analysis, experi-
ments with intensive trypsin pretreatment of HA-expressing
cells were chosen to ensure a higher number of fusion
events during the experimental time course.
Between different ghost preparations we found a signif-
icant variation in the NBD/Rh ratio of unfused ghosts. In
Table 1 we have compared the fluorescence ratio of ghosts
from three different preparations. As can be seen, the ratio
varied up to a factor of 3 (comparison of experiments 1 and
3). As judged from emission spectra of freshly prepared
ghosts and image analysis, the variation of the ratio was
mainly ascribed to differences of the N-Rh-PE fluorescence
whereas the NBD intensity was almost constant between
independent experiments. We do not know the precise rea-
son for the variability in N-Rh-PE labeling. It is important
to note that the variation of the average NBD/Rh-ratio is not
due to extreme scattering of values. The standard error of
TABLE 1 Mean NBD/Rh ratios for different preparations
NBD/Rh ratio (average + SEM)
Fused ghosts Fused cells
Preparation Unfused ghosts (WT-HA, FMF) (WT-HA, FMF)
1 1.10 ± 0.10 0.48 ± 0.06 1.35 ± 0.06
(n =21) (n =21) (n =52)
2 2.62 ± 0.14 0.75 ± 0.05 2.55 ± 0.13
(n 58) (n 40) (n 34)
3 3.68 ± 0.22 1.34 ± 0.18 3.22 ± 0.35
(n =39) (n= 14) (n= 13)
Variation of the NBD/Rh density ratio of three independent ghost prepa-
rations. Data are shown for unfused ghosts as well as for ghosts and
WT-HA-expressing CHO cells that have undergone full membrane fusion
(FMF) mediated by WT-HA. The average ratio and SEM are given (n =
number of ghosts/CHO cells counted).
estimate is in all cases on the order of 6 to 9% of the average
(Table 1).
In Table 1 we have compared for different preparations
the NBD/Rh ratio of unfused ghosts with that of ghosts and
of CHO cells that have undergone full fusion. As expected,
an enhanced NBD/Rh ratio of unfused ghosts (before fu-
sion) is always accompanied by an increase of that ratio for
the respective fused ghosts and CHO cells.
We found that the mean NBD/Rh ratio of unfused ghosts
was in all experiments greater than that of ghosts that have
undergone full membrane fusion either by WT-HA or by
GPI-HA (Table 1). This is not caused by extreme values.
The whole distribution of the NBD/Rh ratio of unfused
ghosts is shifted relative to that of fused ghosts (Figs. 5 and
6 E). This may be due to 1) a (partial) release of fluores-
cence quenching by N-Rh-PE after redistribution between
the outer leaflets of CHO and ghost plasma membranes (we
found that N-Rh-PE incorporated into ghost membranes
becomes significantly quenched even at low probe concen-
tration; data not shown) or 2) redistribution of C6-NBD-PC
toward subcellular membranes of CHO cells causing a
depletion of the fused inner leaflets on that analog and, in
parallel, an enrichment of the analog in the cytoplasm of
CHO cells. Even in the presence of an aqueous fusion pore
(in the case of WT-HA), such an enrichment is probable as
a significant movement of CHO organelles to the lumen of
ghosts was not observed.
In Fig. 6 we have compared the distribution of the
NBD/Rh ratio of full fusion (A and E, WT-HA; B and F,
GPI-HA), of GPI-HA-mediated restricted fusion (C and G),
and hemifusion (D and H) for fused CHO cells (A-D) and
fused ghosts (E-H) of a typical experiment. As expected,
for fused CHO cells we found the following sequence for
the NBDh ratio: [NBD/Rh]FMF, WT I[NBD/Rh]FMF, GPI
> [NBD/Rh]PF, GPI > [NBD/Rh]HF, GPI. Likewise, we
found a sequence of the average fluorescence ratio for fused
ghosts that is the reverse of that of CHO cells: [NBD/
10
o 8
D a ~ 1.10 ghosts, unfused
4-0
~~~~~n=21
0 4-
C-,
cir
CD
0
0 2 3 4
NBD/Rh-ratio
FIGURE 5 NBD/Rh ratio distribution calculated from unfused ghosts.
The mean value is indicated by an arrowhead. Data were obtained from one
typical experiment with the indicated numbers of measured ghosts (bin
size, 0.13; 31 bins).
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FIGURE 6 NBD/Rh density ratio
distribution calculated from CHO
cells and ghosts, respectively, that
have undergone full membrane fu-
sion (FMF), restricted fusion (RF),
and hemifusion (HF). For definitions,
see Fig. 3. Mean values of ratios are
indicated by arrowheads. Data were
obtained from one typical experiment
with the indicated numbers of mea-
sured cells and ghosts, respectively
(bin size, 0.13; 31 bins).
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Rh]FMF, WT < [NBD/Rh]FMF, GPI < [NBD/Rh]RF, GPI <[NBD/Rh]HF GPI. The change of the average ratio is paralleled
by a shift of the distribution as well as its maximal and
minimal values. The maximal standard error of estimate is
11 and 13% of the average ratio for cells and ghosts,
respectively. Whereas for CHO cells the fluorescence ratio
for full fusion is similar for WT-HA and GPI-HA, we found
an enhanced ratio for ghosts that have undergone GPI-HA-
mediated full membrane fusion relative to those ghosts fully
fused with WT-HA-expressing cells.
So far we have summarized and analyzed fusion events
independently of the time of their observation after trigger-
ing fusion. We have also analyzed the frequency of fusion
events as a function of time with a resolution of 8 min. For
that purpose three independent experiments were counted.
The time dependence of the relative frequency of all fusion
events is similar for WT-HA (full membrane fusion) and
GPI-HA (full, restricted, and hemifusion). After a time of
>8 min of triggering fusion, the WT-HA-mediated fusion
reached a plateau (not shown). Although the same conclu-
sion can be drawn for GPI-HA-mediated fusion, significant
changes of the relative contribution of different fusion
classes occurred for times >8 min. In Fig. 7 the distribution
of fusion events between full, restricted, and hemifusion is
shown as a function of time. In this graph the sum of all
fusion events for each time point (8, 16, etc. mn) was set to
2286
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8 16 24
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FIGURE 7 The frequency of the distinguished three classes of fusion
behavior of GPI-HA-mediated fusion (see also Fig. 3) as a function of time.
Time scale was divided into five classes (bin size, 8 min). HF, hemifusion;
RF, restricted fusion; FMF, full membrane fusion.
100%. In the early phase subsequent to a fusion trigger,
most frequently hemifusion was found. Later on, after 16
min, the number of hemifusion events was decreased as the
number of full membrane fusion events increased. The
relative frequency of restricted fusion was almost constant.
For times longer than >32 min after lowering pH, no HF
event was detected (Fig. 7).
Monitoring of inner-inner leaflet fusion
simultaneously by C6-NBD-PC and FM 4-64
Recently, Melikyan et al. (1995) employed the fluorescence
probe FM 4-64 to follow inner leaflet fusion between
HA-expressing CHO cells and human erythrocyte ghosts.
FM 4-64 is a nonpermeable double-charged, cationic probe
that becomes strongly fluorescent upon partition into the
membrane. Incorporation of FM 4-64 into the inner leaflet
of ghosts is performed by a procedure similar to what we
have used for Lucifer Yellow. In contrast to our results with
C6-NBD-PC, Melikyan et al. (1995) did not observe any
labeling of CHO cells by FM 4-64 upon GPI-HA-mediated
membrane fusion, whereas strong labeling was detected in
the case of WT-HA. To see whether both membrane probes
exhibit a different behavior of redistribution between ghosts
and HA-expressing cells after triggering fusion, we co-
labeled ghosts with C6-NBD-PC and FM 4-64 at the inner
leaflet. First, we studied WT-HA-mediated fusion, which
was characterized by a strong staining of the plasma mem-
brane and cytoplasm of CHO cells by both labels (Fig. 8).
Bright FM 4-64 spots were observed, presumably due to an
accumulation of the probe in organelles of CHO cells.
Although less intense, the NBD fluorescence was clearly
visible in the CHO cell cytoplasm (Fig. 8). Next, we exam-
ined the redistribution of both probes in the case of GPI-
HA-mediated membrane fusion. Because we labeled only
the inner leaflet of ghosts, we distinguished only between
restricted and full fusion. Approximately 65% of GPI-HA-
FIGURE 8 Fluorescence micrographs of WT-HA-mediated (left panel,
A and C) and GPI-HA-mediated (right panel, B and D) fusion between
HA-expressing cells and ghosts initially loaded with FM 4-64 (upper
panel, A and B) and inner membrane leaflet labeled with C6-NBD-PC
(lower panel, C and D). For labeling procedure see Materials and Methods.
Preincubation and fusion trigger were as described in Fig. 2. Bar, 10 gm.
expressing cells that have undergone membrane fusion (n =
37) clearly showed an intense labeling by both dyes indi-
cating full membrane fusion of both plasma membranes.
Thus we observed also by FM 4-64 a fusion of the inner
leaflets with GPI-HA-expressing cells. For -35% of ob-
served fusion events we found a restricted redistribution of
dyes to CHO cells. In more than one-half of those cases we
found a similar restricted redistribution of both dyes,
whereas in other cases the degree of redistribution was
different.
Assay for simultaneous monitoring of inner-inner
and outer-outer leaflet merger
Stability of the transbilayer orientation of fluorescent lipid
analogs in ghosts and CHO cells
The outer and inner leaflets of human erythrocyte ghost
membranes were labeled with N-Rh-PE and C6-NBD-PC,
respectively. An important step in preparation of those
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abeled ghosts was the removal of C6-NBD-PC by C6-NBD-PC to the cytosolic leaflets of both plasma mem-
change to BSA. Indeed, the fluorescence of C6- branes remains unaffected by the fusion process. We first
'-labeled ghosts washed with BSA after resealing characterized dithionite quenching of C6-NBD-labeled
d almost constant in the presence of dithionite at phospholipid analogs in the plasma membrane of HA-ex-
9, curve A). This demonstrates that 1) permeation pressing CHO cells. For labeling of the cytosolic leaflet, we
)nite is slow and 2) those ghosts are exclusively have labeled cells with C6-NBD-PS and incubated for 20
on the inner leaflet. In contrast, addition of dithio- min on ice and another 15 min at room temperature. This
ghosts labeled only on the outer membrane layer analog is known to be transported rapidly by an ATP-
fast loss of total fluorescence with a half-time of dependent aminophospholipid translocase activity from the
= 2; Fig. 9, curve E). outer to the inner leaflet of the plasma membrane of CHO
-PE is known to reside stably in the exoplasmic cells (Kobayashi and Arakawa, 1991; Hanada and Pagano,ferythrocyte membranes (Connor and Schroit..erythermovtem ofmbranesC(-PConrom te iertoith 1995). After removal of the remaining C6-NBD-PS in the
exoplasmic leaflet by back-exchange to BSA, HA-express-iflet of ghost membrane is slow as assessed by the ing CHO cells were incubated for 3 minutes at pH 5.0
e assay. Less than 5% of inner leaflet label redis-to the outer leaflet when stored on ice for 1 day (37°C). Subsequently, the fluorescence was measured at pHtoling (noute ltso wn This astdalonveforifIedabyt 7.4 at 4°C in the presence of dithionite. As can be seen (Fig.
ohange of label to BSA (6% of analog accessible to 9, curve B) in contrast to erythrocyte ghosts, a continuous
nportantly, incubation at acidic pH (pH 5.0) did not fluorescence decrease was found that could be described bypntly affect the movement of the PC analog to the a monoexponential function with a half-time (t,12) of 57.1 ±ter leaflet (8% accessible) in comparison with that 2.1 sec (n = 3). We ascribe the decrease of the fluorescence
4. intensity of C6-NBD-PS to a rather high permeability of the
-asure unambiguously the merger of the inner leaf- CHO plasma membrane to dithionite even at low tempera-
using membranes requires that the orientation of ture but not to unremoved analogs in the outer leaflet for the
following reasons. First, repeated washing of cells with
BSA did not reduce or even abolish the fluorescence loss.
Second, we did not observe a rapid initial fluorescence
decrease upon addition of dithionite (data not shown). We
would expect to see this for C6-NBD analogs localized in
the outer leaflet. Indeed, we found a fast drop (tQ12 = 30 s)
of the fluorescence (pH 7.4 at 4°C) similar for both analogs,
C6-NBD-PC and C6-NBD-PS, when dithionite was added
immediately after labeling of HA-expressing cells on ice
(not shown). A similar rapid decline of fluorescence (t1/2 =
B 28.1 ± 0.2 s; n = 3) was observed after a short preincuba-
tion at pH 5.0 for 3 min (Fig. 9, curve D). In those cases, all
C analogs are confined almost exclusively to the exoplasmic
leaflet verified by the complete removal of the analog by
washing cells with BSA.
Addition of dithionite to cell-ghost complexes after trig-
D gering fusion causes a loss in fluorescence intensity (Fig. 9,
E curve C) that can be well fitted by a monoexponential
function (tj12 = 64.8 ±3.8 s; n = 3). The kinetics are
0 1 2 3 4 5 almost identical to that obtained in the case of HA-express-
Time, minutes ing cells labeled with C6-NBD-PS on the cytosolic face(tj2 --57 s; see above). Again, this is a strong indication
9 Quenching of the fluorescence of NBD-labeled phospholipid that the fluorescent PC analog is still oriented to the inner
dithionite in PBS at pH 7.4 and 4°C. (A) Cell-ghost complexes leaflet. This is supported by the back-exchange assay (see
f incubation at pH 7.4 and 37°C (control), with inner membrane also above). Although we found a slight increase of the
ghosts labeled with C6-NBD-PC; (B)WT-HA-expressing CHO
a brief incubation at pH 5.0 and 37°C, with inner leaflet labeled amout ofpCexesD-P extractabl by B sAfor ed CHOBD-PS; (C) Cell-ghost complexes after fusion (3-min incubation cell-ghost complexes i comparison with ghosts alone, it is
and 37°C), with inner leaflet of ghosts initially labeled with obvious that the fusion event did not cause a remarkable
IC; (D) WT-HA-expressing cells after a 3-min incubation at pH increase of this amount (increase of 4% of accessible ana-
°C, with outer leaflet labeled with C6-NBD-PC; (E) ghosts, with
et labeledwith C6-NBD-PC. Dithionite (100 mM final concen- log).an oncluion, Clearly sho t te trn
Is added at time 0. For details see Materials and Methods as well membrane orientation of C6-NBD-PC is not altered by the
fusion process.
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DISCUSSION
In the present study we have used fluorescent phospholipid
analogs to specifically label the inner and outer leaflets of
resealed erythrocyte ghosts. This has allowed us to compare
the redistribution of each monolayer independently after
membrane fusion with CHO cells expressing either WT-HA
or GPI-HA. For GPI-HA-induced fusion we have observed
examples of a hemifused state as reported previously
(Kemble et al., 1994; Melikyan et al., 1995). However, we
also frequently observed examples where redistribution of
inner leaflet lipids had accompanied movement of outer
leaflet lipid, whereas redistribution of the cytoplasmic
marker Lucifer Yellow did not occur. The proportion of
hemifused complexes decreased with time after the low pH
fusion trigger implying that 1) hemifusion is a meta-stable
state, even in the case of GPI-HA-mediated fusion and 2)
redistribution of both bilayers precedes dilation of an aque-
ous fusion pore.
Separate monitoring of inner and outer
membrane leaflet fusion
We labeled the inner and outer leaflet of resealed ghosts
with C6-NBD-PC and N-Rh-PE, respectively. The different
spectral characteristics of the two probes allow easy micro-
scopic discrimination of their spatial distributions. The an-
alogs were chosen to provide a stable asymmetric distribu-
tion during and after fusion with HA-expressing cells.
Redistribution of N-Rh-PE to the inner leaflet was shown to
be negligible as has been previously demonstrated (Connor
and Schroit, 1987). We have also shown here that C6-
NBD-PC effectively remains confined to the inner leaflet of
ghost membranes as well as the interior of fused WT-HA-
expressing CHO cells. This was verified by two indepen-
dent assays, back-exchange with BSA (van Meer et al.,
1987; Kok et al., 1989) and dithionite quenching (McIntyre
and Sleight, 1991). A similar assay system has also been
developed by Melikyan et al. (1995) using the dye FM
4-64 to report on inner leaflet mixing. This is a readily
water-soluble, nonpermeable, double-charged molecule that
becomes fluorescent upon partition into membranes. By
entrapment of the dye in resealed ghosts the inner leaflet
could be labeled (Melikyan et al., 1995). Although in many
salient respects our results confirm those of Melikyan et al.
(1995) we have observed a wider range of GPI-HA-induced
fusion states than they reported. We have shown that this
discrepancy is not due to the choice of inner leaflet label
(Fig. 8), as a direct comparison between both inner leaflet
labels showed them to behave similarly.
Hemifusion in GPI-HA-mediated membrane
fusion is meta-stable
In addition to the expected observation of fusion complexes
exhibiting exclusive redistribution of the outer leaflet label
N-Rh-PB corresponding to the hemifused state, we also
observed examples of fusion trigger-dependent inner leaflet
redistribution to GPI-HA-expressing cells. These events
could be further divided into two classes, restricted fusion
(partial redistribution of inner leaflet probe) and full mem-
brane fusion (full redistribution of inner leaflet probe). The
percentage of complexes appearing as full membrane fusion
increased with time after application of a low pH pulse,
whereas the percentage of hemifusion intermediates de-
creased. Thirty minutes after application of the low pH
trigger, all fused complexes had passed beyond the hemi-
fusion stage. The observation of restricted fusion interme-
diates implies that the transition from hemifusion to a state
where inner leaflets mix is reversible or that inner leaflet
diffusion is heavily restricted, as the time scale of observa-
tion is long relative to the redistribution time for unre-
stricted probe diffusion (Rubin and Chen, 1990). Under our
experimental conditions the hemifused state is meta-stable.
In contrast, Melikyan et al. (1995) have reported the hemi-
fused state to be stable. One possible source of this discrep-
ancy is the extent of trypsin cleavage during the course of
activation of GPI-HA-expressing cells. We obtained a
higher percentage of hemifusion events with milder
trypsinization, but the number of observable fusion events
also declined, so we did not routinely use this condition.
Melikyan et al. (1995) did observe 5-8% of GPI-HA cells
labeling with FM 4-64 at 20 min after fusion triggering
under conditions where 2% of cells were labeled by aqueous
marker. Thus they have observed similar phenomena to
those that we report but at a lower incidence.
Formation of intermediates subsequent to inner-
inner leaflet mixing requires the transmembrane
and/or cytoplasmic domain
Despite commonly observing inner leaflet redistribution, we
rarely observed redistribution of the cytoplasmic marker
Lucifer Yellow under the same conditions with GPI-HA-
expressing cells. Thus, the flux of inner leaflet lipid can be
clearly resolved from the dilated fusion pore, in contrast to
the tight association between these two properties observed
with WT-HA. Progression to a fusion pore permeable to
Lucifer Yellow must therefore require the transmembrane
or cytoplasmic domain of HA. Theoretical studies by Nana-
vati et al. (1992) have shown that even a fully lipidic pore
can have an energy minimum at a small radius and is not
required to enlarge.
Do stages of GPI-HA-mediated membrane fusion
resemble intermediates of the WT-HA
fusion pore?
The time resolution of our observations does not allow us to
resolve whether WT-HA-mediated fusion between CHO
cells and erythrocyte ghosts proceeds via a hemifusion
intermediate. Tse et al. (1993) reported that a small aqueous
pore is formed before the movement of outer leaflet probe,
NCussler et al. 2289
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and recently Blumenthal et al. (1996) have reported similar
results. For the hemifusion intermediate to represent a true
state relevant to WT-HA before the establishment of a pore
it would therefore have to be short-lived and lipid flow
temporarily aborted by the transition to the pore state before
dilation. The restricted and full membrane fusion states that
we have described for GPI-HA-mediated fusion could cor-
respond to a WT-HA fusion intermediate described by
Zimmerberg et al. (1994) for which pore conductance sur-
passes the threshold for lipid flow but the low molecular
weight cytoplasmic marker calcein does not move. In this
case the transmembrane domain or cytoplasmic tail of HA
could be inferred to be required for coalescence of a number
of small pores (a specific form of pore dilation). Previous
work by Schoch and Blumenthal (1993) has shown that a
point mutation in the amino terminus of the HA2 subunit is
inhibitory to pore dilation. In one model of the low pH form
of HA during the final stages of fusion an interaction
between the amino-terminal peptide and the transmembrane
domain has been proposed (Guy et al., 1992).
Meta-stability of the hemifusion intermediate
The progression of a lipid stalk to an extended hemifusion
diaphragm has been described for fusion of purely lipidic
membranes (Chernomordik et al., 1987). However, such a
fusion intermediate between biological membranes may be
short-lived due to destabilizing factors promoting full fusion
(Chernomordik, 1996). For example, packing constraints
may increase the energy of the stalk intermediate so that an
extended bilayer diaphragm cannot be formed (Siegel,
1993). Melikyan et al. (1995) have proposed that an en-
larged hemifusion diaphragm derived from the inner leaflet
lipids of each cell requires the exclusion of membrane-
anchored fusion proteins. As several HA trimers are be-
lieved to form a fusion site (Danieli et al., 1996; Blumenthal
et al., 1996), their intermolecular interactions could oppose
the development of an extended bilayer diaphragm. Addi-
tionally, in fusion of biological membranes mediated by
membrane-anchored proteins such as WT-HA or GPI-HA,
the proteins themselves may destabilize and/or rupture the
hemifusion diaphragm. This might occur in the following
ways. First, in the case of WT-HA the mechanical coupling
between the ectodomain and the transmembrane domain
will oppose establishment of the hemifusion diaphragm or
destabilize it (Melikyan et al, 1995). Second, we suggest
that a similar argument can also be applied to the amino
terminus of HA2, which inserts into the bilayer. It too will
be mechanically coupled to the rest of the HA2 subunit. It
may simply provide a much less effective disruptor of the
transition to the hemifused diaphragm structure, possibly
due to the greater flexibility of the extended HA2 ectodo-
main. In the case of GPI-HA this much weaker mechanical
coupling may be a poor but in some cases sufficient sub-
stitute for that provided by WT-HA.
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